Drop size and velocity measurements in a confined, swirl-stabilized, reacting spray are presented. The configuration consisted of a center-mounted research air-assist atomizer surrounded by a coflowing air stream. A quartz tube surrounded the burner and provided the confinement.
Introduction
Combusting sprays are very important for a large number of propulsion applications. Important physical processes involved in combusting sprays are the interactions between the droplets and the gas phase, the vaporization of the droplets, and chemical reaction with associated heat release. These physical processes are all coupled and can only be completely described using numerical modeling. As part of an effort to improve the numerical modeling of spray combustion for gas turbine combustors, an experimental study has been performed to obtain a data set for a liquid-fueled combustor with simplified geometry that can be used for comparison with numerical models. 
nun from the nozzle in order to provide initial conditions
and study the two-phase flow near the injector.
ExDeriment

Apparatus
The combustor utilized in the present experiment is In the present study, velocities of both the liquid and gaseous phases are reported. Seeding attempts using aluminum-oxide particles resulted in the inside of the quartz tube rapidly being coated with particles. In order to estimate gas-phase velocities without seeding, velocities from the smallest measured drop size group were used to represent the gas phase velocity. This is not as accurate as seeding since this technique does not provide velocities where small drops are not present and in a reacting flow where drop size is constantly changing. The drop being used for velocity measurements was initially a larger drop and would be expected to lag the gas phase more than a smaller drop. Drops with diameters from 1.2 to 6.9 }am were used to represent the gas-phase velocity. Two complete traverses at each axial station were performed in order to measure all three components of velocity and provide a check on flow symmetry. Each traverse measured axial velocity and either radial or tangential velocity.
Generally, 64000 measurement attempts were made at each measurement location. In regions where there were few drops, data was taken for a minimum of 600 see. The percentage of validated measurements varied depending on the number density, size distribution, and velocities of drops at each location, but generally ranged from about 54 to 95 percent for the drop measurements. affected. The correction for tangential velocity and radial location were less than 0.5 percent and neglected. The radial location shift and velocity correction for the radial velocity measurements were also very small and consequently neglected. Measurements using a monodisperse drop generator taken with and without the quartz tube showed no difference in measured drop size within the accuracy of the drop size measurement as long as the probe volume location was properly adjusted due to the diffraction of the laser beams by the quartz tube. In the present case, the blue probe volume location was continually adjusted to maintain acceptable coincidence with the green probe volume in all regions of the flowfieid.
Uncertainty Analysis
Uncertainty in position measurements is estimated to be :L-0.2 mm for both radial and axial measurements.
Uncertainty
in velocity measurements was estimated by measurement repetition at a number of points in the flowfield. Drop size uncertainty in an iso-thermal monodisperse drop stream is estimated at +6.5 percent based on calibration and probably is larger in an evaporating spray containing a size distribution.
Since the liquid drop temperature in the flowfield could not be measured, a constant index of refraction for heptane at 298 K was used for all reported measurements.
The refractive index is estimated to decrease by about 5 percent from 298 K to the boiling temperature of heptane, 371 K. Tests with a monodisperse drop generator indicated that this change in refractive index decreases the measured drop size by 7 percent; therefore, this is the maximum size error due to the variation in refractive index. For drop velocities, uncertainty is estimated at + 10 percent. Drop number-flux measurement is the most difficult measurement to make because it requires an accurate measurement of drop size, velocity, and probe volume size. This measurement is quite difficult in the present flowfield where there are three substantial velocity components. This is complicated by the fact that the laser-beam power distribution is gaussian and probe volume size is a function of drop size. In addition, in dense regions of the spray, more than one drop can be present in the probe volume at one time causing rejection of the signal which leads to underestimation of the volume flux of the liquid phase. In the present set of measurements, integrating the liquidflux measurements across the flowfield gave 13.9 percent of the metered fowrate at 2.5, 10.4 percent at 5, 30.0 percent at 10, 21.0 percent at 15, and 9.0 percent at 25 nun downstream of the nozzle. Since the largest volume flux should be measured at 2.5 mm downstream, the measurements reported for drop number flux at 2.5 and 5 mm downstream are certainly lower than they should be due to the high number densities at these axial locations.
In order to use the data for validation it is recommended that the measured number fluxes he increased atthe initial measurement location to give the measured fuel flowrate.
Results and Discussion
Mean axial velocity measurements are presented in Fig. 2 . Results are presented at downstream locations of 2.5, 5, 10, 15, 25, and 50 nun downstream of the nozzle. As discussed in Ref. 14, this atomizer is described as a "prompt" atomization nozzle due to the strong jet of air blasting the liquid jet. Images obtained using a short duration (less than 10 ns) laser-light pulse confu-med that no ligaments were present at 2.5 mm downstream for this nozzle. Results are illustrated for drop diameters of 6.9, 15.4, 23.8, 32.3, 52.0, and 97.2 [xm. Each drop diameter presented represents a size range of 2.8 I_n. Velocity measurements for a particular size are not presented at locations where not enough valid measurements were obtained. This is found for many locations for the larger drop sizes. This was determined by examining the sizevelocity correlation to determine whether the measured velocity was reasonable. The specific cut-off point was generally found to be about 30 samples. Gas-phase measurements are illustrated using the smallest measured drops as previously discussed. At the axial location of 2.5 nun downstream, the drops are being accelerated by the air-assist stream exiting the nozzle orifice and large velocity gradients are evident. In the region of maximum axial velocity, the gas-phase velocity is higher than the drops due to the acceleration of the drops while near the edges and in the center, the drop velocities are larger than the gas phase. The smaller drops follow the gas-phase velocity more closely than larger drops. There is generally a good correlation between drop size and velocity. The largerdrops have smaller velocities nearthe peak measured velocity at about 4 nun from the center and have larger velocities in the central recirculation zone and at radii largerthan about 7 ram.At 2.5 mm downstream, the drops are found in a relatively narrow region of the fow. At 5 nun downstream, results are similar to those at 2.5 ram, but peak axial velocities have fallen slightly and the drops are found in a larger radial region of the flowfield. Very few smaller drops are found in the cenWal region of the flowfield at 5 nun downstream so gas-phase measurements are generally not available in the central recirculation zone. In the shear region where the outside edge of the recirculation zone meets the air-assist stream, the velocity gradients are very large and there is a large variation in velocity depending on drop size. The larger drops have enough momentum to retain positive values of axial velocity in the re.circulation zone at this axial location. At l0 mm downstream, no drops are found in the central recirculation region of the flowfield. The peak gas-phase velocities have decreased to about 32 m/s and are lower than those measured for both the 6.9 and 1S.4 _-n drops as the gas phase velocity is changing rapidly at this axial distance downstream of the nozzle. The peak velocities of drops larger than 15.4 pm are lower than the gas phase since they were also lower at distances closer to the nozzle. The peak velocities of the 6.9 and 15.4-lJ.m drops are nearly identical as the drop velocities adjust to the rapidly changing gas-phase flowfield. Since the drops are vaporizing and continuously decreasing in size, the net effect is an increase in the slip velocity between the gas phase and the drops throughout the flowfield. This effect would also affect the drops used for the measurement representing the gas phase so the results presented may be biased. It is evident in the radial profile that there is a good correlation between size and axial velocity at this axial location downstream. At 15 mm downstream, the peak gas-phase velocity continues to decay rapidly with the result thatthe 15.4 lan drops have the largest peak velocities, about 28 m/s compared to 24 m/s for the gas phase. Peak velocities for the 6.9, 15.4, and 23.8 lan drops were larger than the measurements for the gas phase at this distance downstream. The size velocity correlation was still very apparent in the radial profiles at this distance downstream. Results at 25 mm downstream show a continuation of the same trendspreviously seen at 10 and 15 mm downstream. The peak gas-phase axial velocity has decreased to about 16 m/s and is consistently lower than velocities for the 32.3 larnand smaller drops. Only the 52 lain and larger drops have peak velocities lower than the gas phase atthis axial location. At 50 mm downstream, not enough small drops were present to estimate the gas-phase velocities.
By 50 mm downstream, the flowfield has developed to the point that the drop momentum is controlling the drop velocities as the larger drops generally have the largest velocity and the 6.9 gm drops have the lowest. A large central region is evident that is about 40 ram in radius where no drops are found.
Measurements
of mean radial velocity for the drops are presented in Fig. 3 for the six drop sizes and gas phase at the same axial distances downstream of the nozzle.
Results for mean radial velocity are very similar to those previously observed for axial velocity. At axial distances of 2.5 and 5 mm downstream, the air-assist stream is still accelerating the drops and the peak gas-phase radial velocity is larger than the drops. At the outside edge of the flowfield where the radial velocity is decreasing rapidly, the drops generally have larger velocities than the gas phase. At 10 mm downstream, the gas-phase radial velocity decreases rapidly with the result that the radial velocity of the 15 lain drops is larger than the gas-phase and 6.9 gm drops. The radial velocity for the 6.9 _tm drops is adjusting to the gas-phase velocity and as expected, shows less slip velocity with the gas phase. The larger drops which had smaller peak velocities continue to show the same trends, however, their velocity is now closer to the gas phase. This Again, at 50 mm downstream, not enough small drops are present to estimate gas-phase tangential velocity. 
